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ABSTRACT We have characterized a family of repetitive
DNA elements with homology to the MgPa cellular adhesion
operon of Mycoplasma genitalium, a bacterium that has the
smallest known genome of any free-living organism. One
element, 2272 bp in length and flanked by DNA with no
homology to MgPa, was completely sequenced. At least four
others were partially sequenced. The complete element is a
composite of six regions. Five of these regions show sequence
similarity with nonadjacent segments of genes of the MgPa
operon. The sixth region, located near the center of the
element, is an A+T-rich sequence that has only been found in
this repeat family. Open reading frames are present within the
five individual regions showing sequence homology to MgPa
and the adjacent open reading frame 3 (ORF3) gene. However,
termination codons are found between adjacent regions of
homology to the MgPa operon and in the A+T-rich sequence.
Thus, these repetitive elements do not appear to be directly
expressible protein coding sequences. The sequence of one
region from five different repetitive elements was compared
with the homologous region of the MgPa gene from the type
strain G37 and four newly isolated M. genitalium strains.
Recombination between repetitive elements of strain G37 and
the MgPa operon can explain the majority of polymorphisms
within our partial sequences of the MgPa genes of the new
isolates. Therefore, we propose that the repetitive elements of
M. genitalium provide a reservoir of sequence that contributes
to antigenic variation in proteins of the MgPa cellular adhe-
sion operon.
Mycoplasmas are a class of wall-less bacteria with genomes
ranging from 1700 kb to as little as 580 kb as in the case of
Mycoplasma genitalium (1-4). It has been estimated that M.
genitalium has the capacity to encode "400 proteins (5, 6). Its
genome is arranged in a conservative manner, making heavy
use of operons and having minimal spacer regions between
coding sequences (6, 7). All indications suggest that mycoplas-
mas are under selective pressure to reduce their genome size
to that of a minimal system (8). In light of this, it was somewhat
surprising that M. genitalium, as well as several other Myco-
plasma species, possess repetitive DNAs in their genomes (1,
9-11). In M. genitalium it has been estimated that repetitive
DNA represents up to 4% of the genome (6).
Repetitive DNA is a common feature of many bacterial
genomes. In certain cases, this DNA has the clearly established
function of creating antigenically distinct cells among a pop-
ulation (12-15). Such genetic variation may be important in
evading host immune responses as well as optimizing the
bacterial surface for colonization of a particular host. In other
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cases, repetitive DNA has been characterized at the molecular
level, but its function remains unclear.
Repetitive DNA in M. genitalium has sequence homology to
the three-gene operon that encodes one of the major surface
proteins, the adhesin molecule MgPa (16). MgPa is highly
immunogenic and necessary for attachment of the organism to
the host epithelium (17-19). Spontaneous mutants of M.
genitalium that lack or are unable to correctly localize MgPa
lose the ability to cause hemagglutination or cellular adhesion,
a phenotype that has been associated with the ability of the
organism to attach to host epithelial cells in vivo (17, 18). Dallo
and Baseman (11) divided the MgPa gene into 10 restriction
fragments (A-J; see Fig. 1A) and used these individual frag-
ments to probe restriction digests of genomic M. genitalium
DNA. They showed that certain regions of the MgPa gene were
repeated, while other regions were present only once, in the
operon itself (11).
To investigate the role of repetitive DNA in the minimal
genome of M. genitalium, we have analyzed repetitive DNA
sequences and compared them with sequences from the func-
tional MgPa operon in new clinical isolates. * * Our data
support the idea that maintenance of these sequences by this
minimal organism is required to provide a mechanism for
antigenic variation.
MATERIALS AND METHODS
M. genitalium Strains. Type strain G37 was generously
provided by P.-c. Hu (University of North Carolina, Chapel
Hill). This strain was originally obtained from the American
Type Culture Collection (no. 33530) in 1983 and was propa-
gated in modified Hayflick's medium (30) containing agamma
horse serum, 10% yeast dialysate, and penicillin G (1000
units/ml). It is referred to here as G37-US. Four new strains of
M. genitalium were isolated as described (20). The G37 strain
used by one of us (J.S.J.) was obtained from David Taylor-
Robinson in 1982 after its initial isolation but prior to deposit
into the American Type Culture Collection. This strain was
propagated in modified Friis FF medium (31); it is referred to
here as G37-DK.
Clones and Sequencing. Escherichia coli clones containing
fragments of M. genitalium G37-US DNA in pUC118 were
sequenced partially as part of a random sequencing project (6).
Abbreviation: ORF, open reading frame.
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In this study we have performed a more complete analysis of
some of these clones and of some clones from the same project
that were not previously sequenced. DNA inserts from clones
SAll, SC2, SE6, SF4, SG8, and XF2, each -2 kb, were used
to prepare sonication libraries. Sonicated DNA fragments
were electrophoresed in a 1% low-melting-point agarose gel.
DNA fragments of >300 nt were repaired with the Klenow
fragment of DNA polymerase I by standard procedures.
Repaired fragments were cloned into the HinclI site of
pUC118 and sequenced with the Universal primer. In a few
cases, gaps in sequence were closed by use of specific oligo-
nucleotide primers. In such cases, sequence was generally
determined for only one of the two strands.
Sequence Analysis. Sequence data were analyzed with the
Genetics Computer Group (Madison, WI) program package
(GCG) version 7.0 (21). Sequences were read manually and
entered by using the program SEQED. The Staden programs for
shotgun sequencing (22) were used to assemble sequences
obtained from sonication libraries. The Genetics Computer
Group program GAP was used for comparing individual se-
quences. The programs PILEUP or LINEUP were used for
multiple sequence alignments. Data base searches were per-
formed on flanking sequences and the A+T-rich repetitive
DNA region by using the program FASTA (23).
Analysis of MgPa Genes from Four New M. genitalium
Isolates. Crude boiled lysates of strains G37-DK, M2288,
M2300, M2321, and M2341 were subjected to PCR primed by
sequences from nonrepetitive parts of the MgPa operon
flanking the B region (see Fig. 1): Mgpat-1010 (5'-AAATT-
AGTGATGTTGTTAGTGATTGTGTG) and Mgpat-3072
(5'-TAGGGGAGTGTTGGTTAGTTTGTTAGA). Individ-
ual PCR products were digested with BstNI, and the 1008-bp
fragment was recovered by electrophoresis through an agarose
gel and was purified with Prep-A-Gene (Bio-Rad). The frag-
ments were blunt-ended with phage T4 polymerase and cloned
into the EcoRV site of pBluescript. Cloned fragments were
sequenced with the Applied Biosystems cycle-sequencing kit
with dye-terminators by using oligonucleotide sequencing
primers. Usually only one representative clone was sequenced
in conserved regions. In regions where variability between
sequences was encountered, both strands of more than one
clone were sequenced. Sequences were read by an Applied
Biosystems model 373A automatic sequencer.
RESULTS AND ANALYSIS
Sequences of Repetitive Elements. Fifteen clones containing
repetitive DNA homologous to the MgPa operon were iden-
tified in a random sequencing analysis of the M. genitalium
genome (6). These clones contained DNA fragments that
showed 71-92% nucleotide sequence identity to regions of the
MgPa operon. Additional sequence was obtained for several of
these clones. Extended regions of exact sequence identity or
shared non-MgPa flanking sequence allowed the sequences
from certain clones to be joined. The resulting nine contiguous
sequences, each named for one of the clones that contributed
to it, are diagrammed in Fig. 1.
Structure of a Complete Repetitive Element. The sequence
SAl1 contains a complete repetitive element, defined as an
MgPa-like sequence flanked on both sides by sequence with no
relationship to MgPa. Fig. 1B depicts the structure of this
complete repetitive element sequence, 2272 bp long, with
individual regions of homology to the MgPa operon shaded to
match the corresponding regions of the MgPa operon shown
in Fig. 1A. The restriction fragments defined in the original
Dallo and Baseman study (11) are also indicated. We have
chosen to retain the Dallo and Baseman nomenclature and
refer to regions present in the elements by the names of the
restriction fragments from which they come. For example,
repetitive region B contains sequence with similarity to nt
1635-2080 of the MgPa gene, which lies almost entirely within
the B restriction fragment. Our results confirm the presence of
repetitive sequence in restriction fragments B, E, F, and G and
the absence from fragments A, D, H, and I. Analysis of a
complete repetitive element within sequence SAl 1 allowed us
to define three additional restriction fragments downstream of
the fragments tested by Dallo and Baseman in ORF-3 of the
MgPa operon. We refer to these fragments as K, L, and M, and
the regions found within repetitive DNA containing these
sequences as KL and LM (Fig. 1).
The structure of the SA 1 repeat indicates that this element
is a composite of noncontiguous regions from two genes
encoded by the MgPa operon, MgPa and ORF-3. The order of
these regions as they appear in SA 1 is B, EF, KL, G, and LM.
We find an unusually A+T-rich sequence (20% G+C) be-
tween the EF and KL region; this sequence shows no apparent
sequence similarity to the MgPa operon. During random
sequencing of this genome, this region was never encountered
out of the context of the repetitive DNAs (6). The A+T
richness of this DNA is expected in sequence that is no longer
functional; as such they are free to accumulate A and T
nucleotides because of the mutational pressure thought to be
acting in M. genitalium (6, 8).
Partial Element Sequences. Analysis of other partial repet-
itive element sequences gave a minimum estimate of five
distinct repetitive elements in the M. genitalium genome. The
sequences in Fig. 1 show five different nonrepetitive sequences
flanking B regions of repeats. These partial sequences allowed
us to define some common structural features of repetitive
sequences (Fig. 1 B and C). Several of the structural features
seen in SAl 1 were present on all of the elements that we
characterized. Five elements begin with a B region. We have
four examples of B followed by EF. An A+T-rich region
follows EF in three cases. We encountered an exception to the
structure of the complete element (SAl1) in the clone HSA7.
This does not contain an A+T-rich region downstream of EF.
Four elements contain A+T-rich sequence followed by KL.
The complete element sequence is our only example of the
KL-G-LM arrangement. Finally, we have three examples
ending with region LM.
The exact endpoints of each region within the repeat vary
somewhat (Fig. 1). The approximate nucleotide ranges corre-
sponding to repeated DNA sequence are as follows: B (nt
1651-2082), EF (nt 3359-3942), G (nt 4368-4553), KL (nt
5527-6283), and LM (nt 6788-6938) (numbers refer to the MgPa
operon sequence found in GenBank accession no. M31431). It
should be noted that, although a very small number of nucleotides
from restriction fragments C and J (42 and 31, respectively) are
found in repetitive elements, we have not included these frag-
ments in the names given to repetitive sequence regions.
Coding Potential of the Repeats. A pairwise alignment was
performed on the repetitive DNA sequences. In each case, the
window of comparison was defined as the boundary of a region
(B-M). This comparison revealed several noteworthy features
as illustrated by the alignment shown in Fig. 2.
ORFs are maintained throughout individual regions that
share a high level of amino acid sequence similarity with the
MgPa or ORF-3 proteins. Deletions and insertions (with
respect to the published MgPa gene sequence) that occur in the
sequence of the repetitive DNAs are almost always in multiples
of three nucleotides (Fig. 2). In general, we find stop codons
near the beginning and end of the B, EF, KL, and LM regions.
No methionine codons or other start codons are found near
the 5' end of the ORFs contained by the various regions of the
elements. Because these sequences lack obvious translation
initiation signals and in view of the high mutation rate thought
to be acting in M. genitalium (8), it was unexpected to find
ORFs throughout almost all of the individual regions (the only
exception is in region KL of sequence SG8). Even more
striking was the maintenance of high levels of sequence
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FIG. 1. Structures of MgPa-related repetitive elements. The sequence of the MgPa operon (GenBank accession no. M31431) is compared
diagrammatically to nine homologous repetitive element sequences. Accession numbers of repetitive sequences are listed in parentheses following
the names of the contributing genomic clones. Sequences based upon data from more than one clone are named for the clone listed first: SAil,
SE6, and SF4 (U34967); SC2 and XF2 (U34968); SG8 and ESA4 (U34969); ESH10 and HSD3 (U34970); X5 (U01810); HSA7 and HE3 (U01766);
HB7 (U02105); SD3A (U02157); HG4 (U02110). (A) Schematic representation of the three-gene MgPa operon. Divisions (A-J) represent the
restriction fragments described by Dallo and Baseman (11). Positions of restriction sites used by Dallo and Baseman are indicated by vertical arrows.
The coordinate of each site on the MgPa operon sequence is also shown. Sites defining three additional fragments, K, L, and M, are also indicated.
Five shaded boxes indicate the regions that are found in repetitive DNA elements. These are named B, EF, KL, G, and LM. Positions of the PCR
primers used in the analysis of new isolates are indicated by horizontal arrows. ORF-3, open reading frame 3. (B) The structure of a complete
repetitive element found in sequence SAil. Regions of sequence similarity between repetitive elements and the operon are indicated by identical
shading. Flanking sequences with no similarity to the MgPa operon are indicated by open boxes. Coordinates of the regions of homology within
the MgPa sequence are shown above the junctions between regions. Letters below each box indicate regions of homology to the MgPa operon (B,
EF, KL, G, and LM) and the A+T-rich region of the repeat (AT). (C) Schematic representation of eight partial repetitive element sequences
analyzed in this study. Boxes are shaded as in B to indicate different regions of homology with the MgPa operon or are open to indicate nonrepetitive
flanking sequence. The partial elements are aligned to illustrate structural similarities to the SAl 1 sequence. Coordinates of the regions of homology
within the MgPa sequence are shown as in B. The positions of single base insertions and deletions within sequence SG8 are indicated by (+ 1) and
(-1) and the corresponding position in the homologous region of the MgPa operon sequence is given.
identity to the corresponding region of the MgPa protein
(amino acid sequence identities range from 66% to 98%).
Since Mycoplasma promoter sequences are not well charac-
terized, we cannot rule out the possibility that these elements
are transcribed from their own promoters or in a promiscuous
fashion from neighboring promoters. However, it is an attrac-
tive hypothesis that these sequences are not directly expressed
as protein but are under indirect selective pressure to maintain
ORFs with sequence similarity to the MgPa protein.
Second, sequence polymorphisms are shared between two
or more elements over varying lengths of sequence. Particu-
larly noteworthy is the fact that polymorphisms involving
deletions and insertions are shared between repetitive DNAs
(Fig. 2). When we compared pairs of repetitive elements in a
particular region, the two elements most closely related to one
another with respect to both sequence identity and length
polymorphisms changed over the length of that region. Third,
some elements shared 100% nucleotide sequence identity over
regions as long as 107 bp, and repetitive sequence SC2 is
identical to the MgPa operon sequence for 333 bp. Given the
overall relatedness of these sequences and assuming a random
distribution of mutational events, the absence of even third
position changes is remarkable. All of these features strongly
imply that recombination events occur between repetitive
DNAs and likewise between repetitive DNAs and the MgPa
coding sequence.
Analysis of the MgPa Operon B Region Sequence from Four
New Isolates of M. genitalium. To obtain additional evidence
concerning the role of repetitive sequences in genetic variation
of the MgPa operon, we made use of four new M. genitalium
strains isolated from urethral specimens (by J.S.J.) after
primary culture in Vero monkey kidney cells. A segment of the
MgPa gene from these strains containing the B region was
amplified by PCR. Oligonucleotide primers were derived from
nonrepetitive sequences flanking the B region, so that the
functional MgPa gene would be amplified and the repeated
sequences would not (see Fig. 1). Restriction enzyme analyses
of PCR-amplified sequences from the four new isolates and
other clinical specimens showed clear differences in their
MgPa genes (24). The cloned BstNI fragments generated by
cleavage of the PCR product encompassing nt 1320-2327 from
the MgPa operons of the four new strains were sequenced.
Comparison of these sequences to one another showed large
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FIG. 2. Sequence alignment of a
portion of the B region of five
repetitive element sequences from
G37-US (ESH10, SAil, X5, SG8,
SC2) and MgPa genes from six
strains. The G37-US and repetitive
element sequences are the same as
in Fig 1. The new MgPa gene se-
quence GenBank accession num-




G37-DK (X91075). Identities to
bases present in G37-US are rep-
resented by dots, and differences
with respect to the sequence of
G37-US by the corresponding
bases. Dashes represent the ab-
sence of bases and are added for
alignment of the sequences.
nt spanning positions 1710-2080. This corresponds closely to
the B region found in the repetitive DNA elements. In the
variable region, more than one clone derived from each strain
was sequenced to exclude the possibility that reassortment of
sequences between the MgPa gene and the repeated sequences
was occurring as an artifact of the PCR. Several differences
within the B-region DNA sequence were identified in the
MgPa gene from the Danish stock of the laboratory strain
(G37-DK) and the published MgPa sequence from stocks
maintained in Chapel Hill (G37-US). Our analyses of the
repetitive elements of M. genitalium were performed on DNA
isolated from the same stock from which the sequence of the
published MgPa gene was determined (G37-US) (16).
Almost the entire sequence of the MgPa gene B regions of
five strains (G37-DK, M2288, M2300, M2321, and M2341)
could be generated by recombination between small portions
of several of the repetitive element B regions sequenced from
G37-US (Fig. 3). The sequence differences found in the B
region DNA sequence of the G37-DK and G37-US MgPa
genes, spanning nt 1997-2010, can be explained by a single
recombination event involving the B region of the repetitive
element contained on clone X5. The sequence similarity
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3' to the polymorphic region, making it impossible to identify
the exact endpoint of the putative sequence exchange.
DISCUSSION
Previous estimates from an analysis of a complete cosmid
library suggested evidence for at least seven repetitive ele-
ments with sequence homology to the MgPa operon within the
M. genitalium genome (3). Here we have characterized at least
five examples of this DNA, including one complete repetitive
unit, which share several structural features. In M. genitalium
G37, repetitive elements appear to be -2200 nt long and to be
a composite of noncontiguous regions of the MgPa adhesin
operon. In all cases examined, we saw an extremely A+T-rich
sequence (with no apparent homology to MgPa or any other
sequences from M. genitalium) present between the EF and KL
regions. This A+T-rich region averaged 266 nt in length and
possessed several translational stop codons in all frames.
The genomic sequence of M. genitalium has been obtained
since the work described in this paper was performed and will
allow a detailed global analysis of the structure of this family
of repeated sequences (25).
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FIG. 3. Schematic representation of the MgPa operon B regions from the four new M. genitalium strains and G37-US, showing sequence
similarities between the sequences present in the operon and in the repetitive DNA sequences. Different shadings represent repetitive DNA
sequences or strains ofM. genitalium, as shown in the key. Regions of 100% sequence identity between repetitive elements and MgPa genes ofvarious
strains are indicated by identical shading. Blocks of white represent regions of the particular MgPa gene, which were not identical to any of the
elements we have sequenced or other MgPa B region sequence. In each case the repetitive element whose sequence showed the longest stretch
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Our sequence data strongly suggests that five regions of the
MgPa operon found in repetitive elements (B, EF, KL, G, and
LM) recombine with themselves and the MgPa operon, both
in the laboratory and in vivo. These conclusions are based upon
(i) the wide range of similarities exhibited between pairs of
repetitive elements over the length of their entire sequence; (ii)
the maintenance of ORFs in individual regions of the ele-
ments; (iii) the occurrence of deletions and insertions in
multiples of three nucleotides; (iv) our inability to suggest a
possible mode for the translation of these sequences, suggest-
ing some indirect selective pressure for the maintenance of
ORFs with similarity to the MgPa sequence; and (v) the
confirmation that four new isolates of M. genitalium and an
independently maintained stock of the laboratory strain
G37-DK show polymorphisms within the B region of their
respective MgPa genes. Recombination events involving the
repetitive elements and the MgPa operon could have created
these sequences, thus providing a potential mechanism for
antigenic variation of the surface proteins encoded by the
adhesin operon. This idea is further supported by the fact that
at least some of the non-repeated regions of MgPa genes are
highly or perfectly conserved among different strains.
It is of additional interest that the MgPa protein was shown
to be immunodominant in chimpanzees which had been in-
fected with M. genitalium (19). Opitz and Jacobs (26) mapped
epitopes of adherence inhibiting monoclonal antibodies to
overlapping eight-residue synthetic peptides designed from the
MgPa protein sequence. Four of these epitopes mapped within
regions of the protein encoded by the B and EF regions,
suggesting that these regions may be surface-exposed and
important in adherence (26). The ability of M. genitalium to
vary the.sequence of these regions could enable this organism
to survive the host immune response.
Neisseria gonorrhoeae exhibits genetic variation in its pilin,
which functions as an adhesin, by a mechanism similar to the
one we are proposing for the MgPa operon of M. genitalium
(15). However, these systems differ in several ways: (i) the
proteins encoded by the MgPa operon are not pilins; (ii) "silent
copies" of the pilin gene in N. gonorrhoeae are found in tandem
arrays, whereas repeats are scattered in the M. genitalium
genome; and (iii) silent copies in N. gonorrhoeae represent a
contiguous segment of the pilin gene, whereas the M. geni-
talium repeat is composed of several regions that are non-
contiguous in the MgPa operon. The fact that only selected
regions of the adhesin operon are found in the repetitive DNA
of M. genitalium rather than larger truncated gene duplications
may be a reflection of selective pressure on this organism to
minimize its genome size.
Our findings suggest that two genes of M. genitalium, MgPa
and ORF-3, are subject to genetic variation by the mechanism
proposed here. Although no direct evidence that the ORF-3
product functions in cellular adhesion has been reported, it
should be noted that the Mycoplasma pneumoniae homolog,
ORF-6 in the Pl adhesin operon; has been implicated in the
cellular adhesion process (27). The adhesin operon of M.
genitalium is closely related to the P1 adhesin operon of M.
pneumoniae by several different criteria (28). M. pneumoniae
also contains repetitive DNA in the form of truncated copies
of the P1 adhesin operon, but no evidence for composite
elements similar to those described here has been reported.
Recent evidence suggests that the ORF-6 gene of the P1
adhesin operon may be undergoing gene conversion events
with sequences present in one type of repetitive element (29).
Since both species maintain DNA in the form of truncated
copies of their adhesin operons, and these sequences seem to
undergo recombination events with the functional operons, it
appears that the ability to alter the appearance of adhesin
proteins is necessary for survival.
Our finding that M. genitalium repeated sequences appear to
be involved in genetic variation of the adhesin MgPa helps to
rationalize the presence of repeats in a minimal genome. This
organism is extremely fastidious as a direct consequence of its
small genome size and in nature must obtain essential nutrients
from its mammalian host. It seems plausible that an efficient
mechanism to optimize cellular adhesion and to evade the host
immune response is therefore a necessary part of such a
genome.
Note Added in Proof. Comparison of our data to the complete
sequence ofM. genitalium indicates that the sequence SC2 was derived
from a clone that is a recombinant between the MgPa operon and the
MgPa repeat at positions 167174-169797 in the genome (25). Genomic
coordinates of the sequences presented here are available on request
(send electronic mail to clyde@email.unc.edu).
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